Selenomonas ruminantium was found to possess two pathways for NH4' assimilation that resulted in net glutamate synthesis. One pathway fixed NH4' through the action of an NADPH-linked glutamate dehydrogenase (GDH). Maximal GDH activity required KCI (about 0.48 M), but a variety of monovalent salts could replace KCl. Complete substrate saturation of the enzyme by NH4' did not occur, and apparent Km values of 6.7 and 23 mM were estimated. Also, an NADH-linked GDH activity was observed but was not stimulated by KCO. Cells grown in media containing non-growth-rate-limiting concentrations of NH4' had the highest levels of GDH activity. The second pathway fixed NH4' into the amide of glutamine by an ATP-dependent glutamine synthetase (GS). The GS did not display y-glutamyl transferase activity, and no evidence for an adenylylation/deadenylylation control mechanism was detected. GS activity was highest in cells grown under nitrogen limitation. Net glutamate synthesis from glutamine was effected by glutamate synthase activity (GOGAT). The GOGAT activity was reductant dependent, and maximal activity occurred with dithionite-reduced methyl viologen as the source of electrons, although NADPH or NADH could partially replace this artificial donor system. Flavin adenine dinucleotide, flavin mononucleotide, or ferredoxin could not replace methyl viologen. GOGAT activity was maximal in cells grown with NH4' as sole nitrogen source and decreased in media containing Casamino Acids.
Selenomonas ruminantium was found to possess two pathways for NH4' assimilation that resulted in net glutamate synthesis. One pathway fixed NH4' through the action of an NADPH-linked glutamate dehydrogenase (GDH). Maximal GDH activity required KCI (about 0.48 M), but a variety of monovalent salts could replace KCl. Complete substrate saturation of the enzyme by NH4' did not occur, and apparent Km values of 6.7 and 23 mM were estimated. Also, an NADH-linked GDH activity was observed but was not stimulated by KCO. Cells grown in media containing non-growth-rate-limiting concentrations of NH4' had the highest levels of GDH activity. The second pathway fixed NH4' into the amide of glutamine by an ATP-dependent glutamine synthetase (GS). The GS did not display y-glutamyl transferase activity, and no evidence for an adenylylation/deadenylylation control mechanism was detected. GS activity was highest in cells grown under nitrogen limitation. Net glutamate synthesis from glutamine was effected by glutamate synthase activity (GOGAT). The GOGAT activity was reductant dependent, and maximal activity occurred with dithionite-reduced methyl viologen as the source of electrons, although NADPH or NADH could partially replace this artificial donor system. Flavin adenine dinucleotide, flavin mononucleotide, or ferredoxin could not replace methyl viologen. GOGAT activity was maximal in cells grown with NH4' as sole nitrogen source and decreased in media containing Casamino Acids.
The central role of NH4+ in the rumen ecosystem has been recognized for some time, and in vivo studies indicate that up to 78% of the bacterial nitrogen is derived from NH4', depending on the animals' diet (38) . Bryant and Robinson (12, 13) showed that NH4' can be utilized as the main nitrogen source for growth of predominant rumen bacteria and is essential as the main nitrogen source for many species. Other nutritional studies indicate a similar preference for NH4' by the major species isolated from the human bowel (11) .
Only a few studies have examined NH4' assimilation in the ecologically significant bacteria in the mammalian gastrointestinal tract, and it has been generally accepted that glutamate de- hydrogenase (GDH; EC 1.4.1.2 and EC 1.4.1.4) is the primary route of NH4' incorporation into glutamate (1) . GDH has been demonstrated to be present in all of the rumen bacteria investigated, but its regulation has not been studied in detail (1, 26) . Results with Ruminococcus flavefaciens (37) , Streptococcus bovis (20) , and Selenomonas ruminantium (R. J. Wallace and C. Henderson, Proc. Soc. Gen. Microbiol., G9, p. 102, 1978) 23298. also suggest that GDH is the major mechanism for NH4' incorporation. A second NH4' assimilatory enzyme, glutamine synthetase (GS; EC 6.3.1.2), has also -been observed in cell extracts prepared from whole rumen contents (15) , continuous culture of mixed rumen bacteria (18) , and S. bovis (20) , but its regulation and importance for NH4' incorparation in these bacteria has not been established.
Until recently, GDH was considered the major route of NH4' assimilation and glutamate formation in most other bacteria as well. However, Meers et al. (32) discovered a pathway of glutamate formation from NH4' that involves two enzymes and is necessary for nitrogen-limited growth. NH4+-is initially captured in the amide of glutamine in an ATP-dependent reaction catalyzed by GS. Net glutamate synthesis from glutamine and 2-ketoglutarate occurs through the action of pyridine nucleotide-linked glutamate synthase (GOGAT; EC 2.6.1.53). It is thought that GDH cannot function efficiently during nitrogen-limited growth because it has a poor affinity for NH4' and as a result some bacteria repress GDH under these growth conditions (7, 32) . The essential role of GOGAT under these conditions was demonstrated by showing that Klebsiella aerogenes mutants lacking this enzyme fail to grow on media con-594 SMITH, HESPELL, AND BRYANT taining poor nitrogen sources or less than 1 mM NH4' (7) . Escherichia coli, on the other hand, does not repress GDH synthesis, and GOGATnegative mutants continue to grow when NH4' is less than 1 mM but at a much slower rate (36) . Thus, the GS/GOGAT pathway is essential for efficient growth under conditions of nitrogen limitation; in bacteria lacking detectable GDH, this may be the only mechanism of glutamate formation from NH4' under most growth conditions (8, 17, 24) .
Aside from its function in NH4' assimilation, GS is a regulatory protein which controls the synthesis of enzymes involved in the utilization of secondary nitrogen sources and glutamate synthesis (30) . Our interest in NH4' asimilation partially stems from this role of GS and its possible involvement in the regulation of urease in S. ruminantium, an important rumen bacterium (25) . The results presented demonstrate both pathways of NH4' assimilation in S. ruminantium strain D and some apparently unusual properties of the enzymes involved. A preliminary report has appeared (C. J. Smith (14) . E. coli was maintained on nutrient agar slants (Difco Laboratories).
All chemicals used were of reagent-grade quality, and the radioactive compounds were obtained from New England Nuclear Corp. Purified Clostridiumppasteuranium ferredoxin, L-glutamic acid y-monohydroxamate (glutamyl hydroxamate), and aminooxyacetic acid hemihydrochloride were obtained from Sigma Chemical Co.
Media and culture conditions. The anaerobic techniques for media preparation and culturing of rumen bacteria were as previously described, with all incubations at 39°C (10, 23) . E. coli was grown in 1-liter baffled Erlenmeyer flasks containing 200 ml of a mineral salts medium (6) with 0.4% glucose and 2 mM NH4C1. Incubations were at 37°C with shaking at 200 rpm. S. ruminantium was grown in the chemically defined nitrogen-free mineral salts (NFMS) medium (Table 1) . Nitrogen sources were added as indicated in the text, and glutamine was filter sterilized just before addition to the medium. For experiments with B. amylophilus, NFMS medium was modified as follows: maltose replaced glucose, cysteine (0.05 g/100 ml) replaced sulfide, and NHC1 was 2 mM.
Batch cultures and linear-growth cultures of the rumen bacteria were grown in 500-ml reagent bottles which were modified by the addition of a sampling port (18 by 40 mm) equipped with a serum cap. Large- 10 mg of H3B04, 10 mg of NaMoO4.2H20, 10 mg of Na2SeO3, and 1 ml of H2SO4.
'Component sterilized separately and added after the medium was autoclaved.
scale batch cultures of S. ruminantium were grown in 20 liters of NFMS medium (containing 3 mM NH4CI) in a New Brunswick model MF 128S stainless-steel fermentor by methods described previously (19, 25) .. The inoculum (1%, vol/vol) used for all experiments was grown to mid-log phase in NFMS medium containing 8 mM NH4Cl. Growth measurements were made by optical density (OD) readings (600 nm), using a Bausch & Lomb Spectronic 70. An OD of 1.0 ± 0.1 corresponded to between 3 x 108 and 5 x 108 cells per ml as determined by direct microscopic cell cpunts.
A linear-growth culture system was used for experiments where a single nutrient was to be growth rate limiting. The central feature of this system was the continuous feeding of a small volume of the highly concentrated limiting nutrient to a culture containing an excess of all other nutrients (31) . The culture medium was prepared and maintained anaerobically, and the limiting nutrient reservoir was kept anaerobic by continuous bubbling with 02-free CO2. Other general operations and inoculation were as described (31) (3) of GS activity was also tried in early attempts to demonstrate activity in S. ruminantium.
Two methods were used to measure GOGAT activity. The first method was that described by Meers et al. (32) with modifications as described in the text. One unit of GOGAT activity measured by this assay is defined as the amount of enzyme required to oxidize 1 nmol of NADPH per min at room temperature. The second method measured glutamate formation from 2-ketoglutarate or glutamine, using '4C-labeled substrates. The reaction mixture modified from Lea and Miflin (27) contained the following components: 2.5 ymol of 2-ketoglutarate, 2.5 ,tmol of aminooxyacetate, 0.25 ,umol of methyl viologen, 5 ,umol of methyl viologen, 5 yimol of dithionite, 10 .tmol of sodium bicarbonate, and 0.045 ,tCi of 14C-labeled substrate in a final volume of 0.5 ml of 30 mM sodium phosphate buffer, pH 7.6. The reaction was initiated by addition of 0.05 ml of dithionite/bicarbonate solution. If the labeled substrate was glutamine, ice-cold buffer containing 20 mM imidazole hydrochloride (pH 7.0) and 50 mM glutamine was used to terminate the reaction. The glutamate formed was separated on Dowex 2-X8 columns (39) . If 2-ketoglutarate was the labeled substrate, an ice-cold solution of 20 mM 2-ketoglutaric acid was used to terminate the reaction, and glutamate formed was separated on columns of Dowex 5OW-X8. The samples were lyophilized to dryness, and each residue was suspended in 0.5 ml of water. Then 5 ml of Aquasol-2 counting fluid (New England Nuclear Corp.) was added, and the radioactivity in each sample was determined by liquid scintillation counting. One unit of GOGAT activity measured by this assay is defined as the amount of enzyme required to produce 1 nmol of glutamate from 2-ketoglutarate per min at 370C. Controls without extract and zero-time controls were always included to correct for background activity.
Thin-layer chromatography of glutamate and glutamine was performed by using cellulose MN-300. The solvent system contained methanol, pyridine, and water (20:1:5, vol/vol/vol), and amino acid spots were visualized with a ninhydrin solution (35) . RESULTS GDH. In preliminary experiments, GDH activity in S. ruminantium was measured by the assay system of Meers et al. (32) containing 40 mM NH4C1; with this system, low GDH activities were observed in extracts of cells grown under a variety of conditions. Activity increased markedly when the concentration of NH4Cl in the assay was 100 mM or greater and the optimum concentration was about 400 mM. However, typical Michaelis-Menten kinetics were not observed when activity was measured as a function of NH4Cl concentration (Fig. 1) . It was then found that KCI stimulated activity and that addition of 480 mM KCl to the assay mixture resulted in more normal substrate kinetics (Fig.  1) . A double-reciprocal plot of these kinetic data obtained in the presence of 480 mM KCI showed an abrupt change in slope at the higher concentrations of NH4C1. Two Km values, 6.7 and 23 mM, were estimated for NH4+ from this doublereciprocal plot, and these values reflected the two slopes observed at low and high concentrations of NH4C1, respectively.
The stimulation of GDH by KCI was concentration dependent up to a maximum of about 0.45 to 0.65 M, and even at 2.0 M KCI more than 80% of the maximum activity was retained (Fig.  2) . A variety of salts composed of monovalent ions could replace KCI, and the stimulation by these salts was relatively nonspecific with respect to the anion or cation used (Table 2) . Neither glycerol nor polyethylene glycol could replace the inorganic salts, suggesting that the observed salt stimulation of activity was an ionic rather than an osmotic effect.
The pH optimum for GDH was 7.7, and at a pH of <7.6 or >7.8 activity decreased rapidly. An NADH-linked GDH activity was also observed, but in contrast to the NADPH-linked activity, it was inhibited by the high KCI concentration normally used to measure GDH. Re- The ability of GS to be regulated by covalent modification via adenylylation was tested by rapid addition of 20 mM NH4Cl to nitrogenlimited cultures. S. ruminantium was nitrogen limited by growth on glutamine as the sole source of nitrogen. This was a nitrogen-limited condition as was evident by a slower growth rate with glutamine as compared with NH4Cl and by the fact that addition of NH4Cl to cultures growing on glutamine as nitrogen source resulted in an increased growth rate which was similar to growth with NH4Cl alone. The maximum GS activity in the "NH4-shocked" cells was only 15% lower than in the nonshocked controls (Fig. 3) . This slightly lower activity might be accounted for by assuming that little or no new GS enzyme was produced in the 30-min time interval between addition of NH4Cl and harvesting of the culture. In addition, the pH optima for GS activity were identical in both cultures (Fig. 3) , and a shift in pH optimum might have been expected if enzyme modification had occurred (3). Also, the ratios of Mg2"-dependent activity were the same in both the NH4+-shocked and control cultures. Two cultures were grown in NFMS medium containing 10 mMglutamine until midlogphase. One culture was then "NH4' shocked" by the rapid addition of20 mM NH,Cl (final concentration). After 30 min, 0.1 mg ofhexadecyltrimethyl ammonium bromide per ml was added to both cultures just before harvesting by centrifugation (3). GS activity was measured by using the whole-cell assay except that the pH was changed as indicated. Activity is expressed as units per Several compounds which may arise as products of glutamine metabolism and which are known inhibitors of GS in other bacteria (21) were tested as potential feedback inhibitors. Cells from either nitrogen-limited (glutamine as the nitrogen source) or NH4+-excess cultures were used as a source of cell-free extracts. None of the amino acids tested were significantly inhibitory but nucleoside mono-and diphosphates were much more inhibitory, especially AMP and ADP (Table 3) . However, even the most potent inhibitor, AMP, only caused 30% inhibition in S. ruminantium.
GOGAT. During NH4+-limited growth of most bacteria, net glutamate synthesis from glutamine proceeds via the enzyme GOGAT, and this activity is usually measured by following the rate of NADPH or NADH oxidation in the presence of 2-ketoglutarate and glutamine (32) . Cell-free extracts of S. ruminantium did not exhibit this activity, and B. amylophilus had low activity (about 15 U/mg of protein) which was To eliminate these high background activities in S. ruminantium and to ascertain whether ferredoxin was required for GOGAT activity, cell-free extracts were sequentially passed through DEAE/G-25 columns before being assayed. In addition, a transaminase inhibitor, aminooxyacetate, was added to the assay mixture. More than 75% of the reductant-independent activity was removed by addition of aminooxyacetate to GOGAT assays of the DEAE/G-25 extracts (Table 4) . Also, most of the glutamate formation observed when NH4Cl replaced glutamine in GOGAT assays or untreated extracts was removed by the DEAE/G-25 treatment.
Additional evidence that the observed glutamate production was due to GOGAT activity is shown in Table 5 A source of low-potential electrons was required for the GOGAT reaction (Table 6 ). Dithionite alone supported some activity, but this was stimulated threefold by the addition of methyl viologen. Neither purified ferredoxin from C. pasteurianum nor a crude ferredoxin preparation from S. ruminantium replaced methyl viologen. Neither flavin adenine dinucle- Minus Gln, plus AOA, NH4.
3.4 "Cells were grown in 20-liter batches of NFMS medium with 3 mM NH4Cl, and cell-free extracts of these cells were passed through DEAE/G-25 columns as described in the text. ' "Cells were grown as described in Table 4 , and cellfree extracts were treated with DEAE/G-25. Table 4 , and the reaction time was 20 min.
some activity (Table 6 ). However, using the photometric assay (32) containing 0.25 mM NADPH, little or no GOGAT activity was observed.
Effect of growth conditions on enzyme activities. Experiments were designed to gain an indication of the relative importance of the ammonia-assimilatory enzymes during different growth conditions of S. ruminantium. The data showed that when NH4+ was in excess, GDH was the major NH,+-assimilatory enzyme, and its activity increased even more when cells were severely carbon-energy limited ( Table 7) . As mentioned previously, the ratio of NADPH-to NADH-linked GDH activities remained relatively constant regardless of the growth conditions (Table 7) . During growth with limiting NH4+ or slowly utilizable nitrogen sources (e.g., glutamine), growth was nitrogen limited and GS activity increased markedly, whereas GDH activity decreased. GOGAT activity did not vary greatly with the growth conditions used, but its levels decreased by almost 40% in media containing Casamino Acids (Table 7) . In fact, activity of all three enzymes involved with NH4' the presence of at least 45 mM NaCi, but concentrations higher than 75 mM have not been tested (4) . GDH from halobacterium requires 1.1 M NaCl for optimum activity, and in the absence of salt, an irreversible denaturation occurs (28) .
A salt requirement has also been observed for purified GDH from Bacteroides thetaiotaomicron (T. L. Glass In view of the dramatic effect salt has on the enzyme's kinetics in S. ruminantium and the observed salt stimulation of GDH in other gastrointestinal tract anaerobes, it is possible that the value obtained by Erfle et al. (18) is an artifact, since no salt was included in their assay system.
The GDH of S. ruminantium appeared to have dual coenzyme specificity which may be inferred from the relatively fixed ratio of the NADPH-to NADH-linked activities observed in cells grown under a variety of conditions. Similar dual specificity was observed in B. thetaiotaomicron, but the reductive activity with NADH was less than 1% of the NADPH-linked activity (Glass and Hylemon, Abstr. Annu.
Meet. Am. Soc. Microbiol. 1979, K48, p. 143). The enzyme in Mycoplasma laidlawii also has dual specificity, and it was suggested that GDH had either a biosynthetic or catabolic role, depending-on the coenzyme availability in vivo (9) . The dual specificity in S. ruminantium strain D might involve use of GDH for regenerating NAD from NADH produced by glycolysis.
GS provides a second route of NH4' assimilation in bacteria and is of major importance when nitrogen for growth is low or limiting. The observation of high GS levels in strain D during nitrogen-limited growth and the poor affinity of its GDH for NH4-are consistent with this role of GS in this organism. The enzyme was different from that observed in most gram-negative bacteria because it did not catalyze the y-glutamyl transferase reaction. The GS from some Bacillus species also does not exhibit the transferase activity, but this may be due to strong inhibition by glutamine as shown for Bacillus licheniformis (21) . However, glutamine was not inhibitory for GS in S. ruminantium strain D, and the significance of the lack of transferase activity is not known. Covalent modification of GS via adenylylation has been demonstrated in all gram-negative bacteria previously tested (41) . S. ruminantium does not appear to possess this ability as suggested by the following lines of evidence: (i) GS biosynthetic activity did not undergo a rapid loss of activity when nitrogen-limited cells were shocked with 20 mM NH4+; (ii) no shift in the pH optima of the Mg2+-or Mn2+-linked activities occurred as a result of the NH4+ shock; and (iii) no shift in the ratio of Mn2+-to Mg2+-linked GS activities was observed after NH4' shock. Thus, S. ruminantium strain D is the first gram-negative bacterium reported to lack the adenylylation system.
The pattern of GS feedback regulation observed with S. ruminantium was also quite distinct from that seen in most other bacteria because none of the amino acids tested appeared significantly inhibitory (21, 22) . Normally, both glycine and alanine are potent inhibitors of GS, causing up to 80 or 90% inhibition (21), but they had little or no effect on the enzyme in S. ruminantium. It was especially surprising that glutamine was not inhibitory since this has been proposed to be an alternative to adenylylation as a means of rapidly regulating GS biosynthetic activity in response to rapid changes in NH4' supply (22) . The inhibition seen with nucleotides suggests that the energy status of the cell may be important for GS regulation in S. ruminantium. For example, during a shift from nitrogento energy-limited growth, the relative availability of ATP for the GS reaction would decrease with a relative increase of AMP and ADP levels, and this effect could result in a loss of GS biosynthetic activity. This may provide a rapid, short-term, energy-sensitive regulation which would be especially effective if the enzyme has a poor affinity for ATP. Further studies will be necessary to determine whether this or some alternate regulatory mechanism exists in S. ruminantium.
As shown by studies with K. aerogenes (7) and E. coli (36) mutants, GOGAT activity is required for efficient synthesis of glutamate J. BACTERIOL.
on July 5, 2017 by guest http://jb.asm.org/ Downloaded from when NH4' is fixed by GS. In S. ruminantium, the GOGAT activity was unusual because much better activity occurred with dithionite-reduced methyl viologen as electron donor for the reaction than with NADPH or NADH. Although the enzyme was not purified, several lines of evidence showed that the glutamate produced was the result of GOGAT activity: (i) the reaction was reductant dependent and in the presence of a transaminase inhibitor, reductant-independent activity was less than 10% of the total glutamate produced; (ii) the required stoichiometry of 2 mol of glutamate formed per mol of glutamine utilized was demonstrated; (iii) glutamate formation via glutaminase activity was low and additive with GOGAT activity; (iv) NH4' could not replace glutamine in the reaction; and (v) similar activity was observed in both species of anaerobic rumen bacteria tested, whereas controls with E. coli showed typical NADPH-linked GOGAT activity. It is also interesting to note that most of the reductantindependent background activity was sensitive to the transaminase inhibitor aminooxyacetate (Table 4 ). This would seem to suggest the presence of a glutamine transaminase in S. ruminantium. Although the importance of such activity is not known, an analogous reaction has been observed in rat liver preparations (16) .
A natural electron donor or carrier, or both, for GOGAT in S. ruminantium which could support a level of activity equal to that of the methyl viologen/dithionite couple was not identified. It has been shown that algae can use reduced ferredoxin (27) , and that in pea roots either reduced ferredoxin or NADH can replace the methyl viologen/dithionite reducing system in GOGAT assays (33) . In DEAE/G-25-treated extracts of S. ruminantium, ferredoxin did not replace methyl viologen since it only supported activity equal to that of controls with dithionite alone (Table 6) . GOGAT from E. coli can also function when nonenzymatically reduced with dithionite, and it has been suggested that NADPH reduces enzyme-bound flavin, which in turn donates electrons for glutamate formation (34) . Perhaps in S. ruminantium a similar reaction occurs, since some NADPH-and NADHlinked activities were detected. However, these activities were low, suggesting that the oxidoreductase part of the enzyme may have been damaged during cell extract preparation and could not accept electrons efficiently. Alternatively, the GOGAT in S. ruminantium might accept electrons from a variety of sources. Energy generation in fermentative anaerobes is directly dependent on their ability to dispose of excess reducing power; thus a source of electrons (e.g., from glycolysis and pyruvate oxidation) would always be available. In B. ruminicola, reductive carboxylation of succinate requires a low potential electron carrier, and ferredoxin stimulates this activity (2) . However, ferredoxins have not been found in B. ruminicola.
The present stS ly has shown that S. ruminantium strain D can form glutamate from NH4' and 2-ketoglutarate by at least two pathways. The GDH pathway appeared to be best suited for growth in environments with high NH4+ concentrations, and its activity was highest when nitrogen was n pt the limiting nutrient.
The second pathway, GS/GOGAT, appeared to be important during nitrogen-limited growth. GS activity was maximal under these growth conditions, and activity was repressed when excess NH4+ was available for growth. GOGAT activity was not highly regulated under these growth conditions, and it remained relatively constant as long as NH4' was the nitrogen source for growth. Levels of this enzyme in S. ruminantium seemed low when compared with species of the Enterobacteriaceae, but they were similar to the levels of pyridine nucleotide-linked activity observed in photosynthetic bacteria (8) and Caulobacter crescentus (17) .
